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A broadband electrically small antenna with directive circularly polarized (CP) radiation is 
presented. It is composed of a compact single-feed crossed dipole driver, which is backed by 
a near-field resonant parasitic (NFRP) reflector to achieve the directive radiation pattern. The 
NFRP reflector is designed to generate extra resonances and minimum axial ratio (AR) points 
in the antenna system. These features are combined with those resulting from the driver to 
broaden the operational bandwidth. The proposed antenna was fabricated and measured. The 
antenna prototype, with a low profile (0.066λo at 1.45 GHz) and an electrically small size (ka 
= 0.71 at 1.45 GHz), has a measured |S11| < −10 dB bandwidth of 25.66% (1.362–1.763 
GHz) and a 3-dB AR bandwidth of 10.56% (1.390–1.545 GHz). Additionally, the 
measurements resulted in a broadside gain of 2.31 ± 0.4 dBic and an average radiation 
efficiency of 80% within the operational bandwidth. 
 
Keywords: Broadband, circular polarization, crossed dipole, directive radiation, near-field 
resonant parasitic reflector.
INTRODUCTION 
Antennas that can be completely enclosed within a radian sphere i.e., ka ≤ 1 are 
considered to be electrically small [1], wherein a is the radius of the smallest sphere 
enclosing the entire antenna, k = 2π/λ0, and λ0 is the free-space wavelength corresponding to 
its resonance frequency, f0. For many decades, electrically small antennas (ESAs) have been 
an important topic in antenna research owing to their compact form and potential usefulness 
in a wide variety of wireless applications [2]. The interest in this topic has been increasing 
with the development of new wireless systems. On the other hand, many applications require 
antennas that yield a directive radiation pattern to ensure high security and efficiency in the 
propagation channels [3]. Accordingly, many studies on directive ESAs have been conducted 
[4]–[18]. Generally, there are four common approaches to achieve directive radiation in the 
ESAs. Firstly, the ESAs are designed with an electrically large ground plane to produce a 
broadside radiation pattern [4]–[6]. Secondly, effective electrically small directors [7] or 
reflectors [8]–[10] are placed in proximity to the radiator to achieve the desired radiation 
pattern. Thirdly, ESAs are arranged in a linear array to obtain end-fire radiation patterns [11]–
[13]. Fourthly, electrically small Huygens source antennas are constructed by using pairs of 
electric/magnetic resonators or dipoles [14]–[18]. 
Along with the efforts to overcome the conflicting performance characteristics of the 
ESAs, including their bandwidth, efficiency, and directivity, several ESAs have been 
designed to generate circularly polarized (CP) radiations [4]–[8], [15], [17]. There are 
different approaches to achieve a CP system in an electrically small package, such as using 
two orthogonal linearly polarized radiators with an effective phase shift of 90° between them 
[4]–[6], [8], pulling the driver and pushing the director on one side [7], and employing two 
identical chiral particles [15] or helical-ring antennas [17] to create a CP Huygens source. 
However, these CP ESAs have narrow 3-dB axial ratio (AR) bandwidths of approximately 
1% or less. Recently, compact single-feed crossed dipole antennas have been loaded with 
near-field resonant parasitic (NFRP) elements to realize broadband ESAs with CP radiation 
[19]. By combining the CP radiation caused by the crossed dipole and NFRP elements, a 
broadband design, with ka = 0.83 at 1.6 GHz, has achieved a 3-dB AR bandwidth of 9.25% 
(1.490–1.635 GHz). However, these NFRP crossed dipole antennas radiate a bidirectional 
electromagnetic wave. 
This paper reports a broadband, directive CP ESA, which is composed of a single-feed 
crossed dipole backed by an NFRP reflector. The crossed dipole element is incorporated with 
a pair of vacant-quarter printed rings to produce CP radiation and to achieve a good 
impedance match with a 50 Ω coaxial line [20]. Two techniques using meander line sections 
and arc-shaped ends [8] are employed for both elements to achieve an electrically small form. 
The NFRP element is designed not only to generate extra resonances and CP radiation in the 
antenna system, but also to act as a reflector. Accordingly, the antenna achieves a directive 
radiation pattern and broadband characteristics in terms of impedance matching and its 3-dB 
AR bandwidth. The features of the antenna were first computationally determined using the 
frequency domain ANSYS/ANSOFT high frequency structure simulator (HFSS) and 
subsequently confirmed experimentally. 
 
I. ANTENNA GEOMETRY AND CHARACTERISTICS 
Fig. 1 shows the geometry of the optimized antenna, which is composed of a crossed 
dipole driver, reflector, 50 Ω coaxial line, two circular dielectric substrates, and structural 
foam. The two substrates have the same radius (Rsub) and are Rogers RT/DuroidTM 5880 (εr = 
2.2, μr = 1, tanδ = 0.009, and hs1 = hs2 = 0.508 mm). The driver was built on both sides of 
substrate 1, whereas the reflector was printed on the bottom side of substrate 2. A structural 
foam (εr = 1.07, μr = 1, tanδ = 0.0006, and Ha = 12.7 mm) was sandwiched between the two 
substrates to support the structure. The coaxial line passes through the substrate 2 to feed the 
crossed dipole directly. The crossed dipoles are incorporated with a pair of vacant-quarter 
printed rings to produce the CP radiation. A meander line with an arc-shaped end was inserted 
in each arm of the driver and the reflector to attain a compact form. In our design, the NFRP 
reflector was employed not only to reflect the electromagnetic wave from the driver toward 
the forward broadside direction, but also to generate extra resonances and CP radiation in the 
low frequency region of the antenna system. Accordingly, the NFRP reflector element was 
designed with a longer meander line and a larger arc-end as compared to the driven element. 
The antenna was optimized using a series of HFSS simulations to achieve an 
electrically small size, broad bandwidth, and high directivity characteristics at a frequency 
band of approximately 1.45 GHz. Referring to Fig. 1, the optimized design parameters were 
(in millimeters): Ha = 12.7, hs1 = hs2 = 0.508, Rsub = 22.5, Wb1 = 3.2, Wc1 = 19.5, Lb1 = 9, wi1 = 
0.2, gi1 = 0.6, Li1 = 5.8, Ri = 3.8, Wr = 0.4, ro = 1.6, Rs1 = 20.9, Wb2 = 3, Wc2 = 17.5, Lb2 = 9, 
wi2 = 0.2, gi2 = 0.6, Li2 = 6, and Rs2 = 20.9. At 1.45 GHz, the size of the antenna is electrically 
small, i.e., ka = 0.71. 
The NFRP reflector was employed to enhance the broadside gain and broaden the 
operational bandwidth of the antenna. This is demonstrated in Fig. 2, which shows a 
performance comparison of the crossed dipole antenna with and without the NFRP reflector. 
For a fair comparison, both configurations with the same substrate size (Rsub) were optimized 
to achieve good impedance matching with a minimum AR point at approximately 1.5 GHz. 
Therefore, the design parameters of the antenna without the NFRP element are slightly 
different from those of the prototype in Fig. 1(b); they are listed as follows (in millimeters): 
hs1 = 0.508, Rsub = 22.5, Wb1 = 3.2, Wc1 = 19.5, Lb1 = 9, wi1 = 0.2, gi1 = 0.6, Li1 = 6.6, Ri = 3.2, 
Wr = 0.5, ro = 2.2, and Rs1 = 20.5. As shown in Figs. 2(a) and (b), the antenna without a 
reflector yielded a |S11| < −10 dB bandwidth of 155 MHz (1.465–1.620 GHz, 10.05%) with 
two resonances at 1.49 GHz and 1.59 GHz and a 3-dB AR bandwidth of 30 MHz (1.485–
1.515 GHz, 2.0%) with a minimum AR point at 1.50 GHz (AR = 2.1 dB). In comparison, the 
antenna with the reflector yielded a larger |S11| < −10 dB bandwidth of 310 MHz (1.37–1.68 
GHz, 20.33%) with multiple resonances and a larger 3-dB AR bandwidth of 15 MHz (1.40–
1.535 GHz, 9.2%) with two minimum AR points at 1.415 GHz (AR = 1.3 dB) and 1.50 GHz 
(AR = 1.16 dB). These results indicate that the presence of the NFRP reflector has broadened 
the bandwidth of the antenna significantly. 
Fig. 2(c) shows the broadside and backside gains of the two configurations. Without the 
reflector, the antenna radiates equally well in the broadside and backside (±z) directions 
within the examined frequency range. At the minimum AR point of 1.50 GHz, the antenna 
without a reflector yielded a bidirectional radiation pattern with a gain of approximately 1.2 
dBic in both the ±z directions. In the presence of the NFRP reflector, the broadside gain 
increased, whereas the backside gain decreased. Its 1.5 GHz 3D gain pattern  had a 2.45 
dBic gain in the broadside direction and a 0.05 dBic gain in the backside direction. Moreover, 
it had a broadside gain of 2.5 ± 0.1 dBic and a backside gain ranging from –3.62 dBic to 0.36 
dBic within its  3-dB AR bandwidth. 
 
II. ANTENNA RADIATION MECHANISM 
The current distributions on the reflector and driver elements were computed for 
different phase angles to illustrate the radiation mechanism of the proposed antenna. The 
current distributions were calculated for the two minimum points in the AR profile at 1.415 
GHz and 1.500 GHz and are illustrated in Figs. 3 and 4. As shown in Fig. 3, the currents on 
the reflector at 1.415 GHz are stronger compared to the currents on the driver for both the 
phase angles. These results indicate that the lower portion of the CP frequency band is mainly 
caused by the NFRP element. As shown in Fig. 4, at 1.50 GHz, the currents on the reflector 
are minimally changed and are weaker than the currents on the driver for both the phase 
angles. These results imply that the higher portion of the CP frequency band is generated by 
the crossed dipole element. Furthermore, these current distributions indicate that the antenna 
produces a right-hand circularly polarized (RHCP) field at broadside. In particular, at both the 
frequencies, the shorter (vertical) dipole of the driver resonates at a phase angle of 0°, 
whereas its longer (horizontal) dipole, which is longer owing to the addition of the ring, 
resonates at a phase angle of 90°. In the lower portion of the CP frequency band, the NFRP 
element is excited via near-field coupling with the crossed dipole elements. Owing to the 
spacing, Ha, between the two elements, the currents on the reflector have a phase difference 
of 90° compared to the currents in the driver. This difference is clearly observed in Fig. 3, i.e., 
the horizontal and vertical arms of the reflector resonate at the phase angles  0° and 90°, 
respectively, whereas the vertical and horizontal arms of the driver resonate at the phase 
angles of 0° and 90°, respectively. 
Furthermore, the currents in Figs. 3 and 4 clarify the reasons for the broadside. As 
shown in Fig. 3, the out-of-phase current distributions in the arms of the reflector and the 
driver enabled its broadside radiation, which is thus a result of end-fire effects [10]. As shown 
in Fig. 4, the currents in their horizontal arms were out-of-phase only for the phase angle of 
0°, whereas the currents in their vertical arms were out-of-phase only for the phase angle of 
90°. Consequently, the broadside radiation in the low portion of the frequency band is 
stronger  than it is in the high frequency portion, as confirmed in Fig. 5. , The latter shows 
the simulated 3D total gain patterns  for the two minimum points in the AR profile. At 1.415 
GHz, the antenna yielded a radiation efficiency (RE) of 74.7%, broadside gain of 2.57 dBic, 
and backside gain of –2.03 dBic, resulting in a front-to-back ratio of 4.6 dB. At 1.50 GHz, the 
antenna yielded an RE of 88.0%, broadside gain of 2.45 dBic, and backside gain of 0.05 dBic, 
resulting in a front-to-back ratio of 2.4 dB. 
 
III. MEASUREMENT 
The optimized antenna was fabricated and measured to confirm the simulation results. 
Its elements were realized on the Rogers RT/DuroidTM 5880 substrates having a copper 
thickness of 17 μm via a standard wet-etching technology. Fig. 6 shows the fabricated 
prototype. It has a low profile (0.066λ0 at 1.45 GHz) and an electrically small size (ka = 0.71 
at 1.45 GHz). The substrates and supporting foam were fastened together using thin strips of 
tape (not included in the simulations). Fig. 7 shows the comparison between the measured 
and simulated results for the prototype. It is observed that these results are very consistent 
with each other. As shown in Fig. 7(a), the measurements resulted in a |S11| < –10 dB 
bandwidth of 25.66% (1.362–1.763 GHz) in contrast to the predicted value of 20.33% (1.37–
1.68 GHz). As shown in Fig. 7(b), the measured AR < 3.0 dB bandwidth was 10.56% (1.390–
1.545 GHz) in contrast to the simulated 3-dB AR bandwidth of 9.2% (1.400–1.535 GHz). Fig. 
7(c) illustrates the total gains of the prototype in its broadside and backside directions. Within 
the CP radiation bandwidth, the measurements  determined a broadside gain of 2.31 ± 0.4 
dBic and a backside gain ranging from –4.34 dBic to 0.6 dBic, resulting in a maximum front-
to-back ratio of 6.36 dB at 1.39 GHz. In comparison, the HFSS simulations predicted a 
broadside gain of 2.5 ± 0.1 dBic and a backside gain ranging from –3.62 dBic to 0.36 dBic, 
yielding a maximum front-to-back ratio of 6.0 dB at 1.40 GHz. 
Fig. 8 shows the normalized gain patterns of the proposed antenna at 1.415 GHz and 
1.50 GHz. Both the simulations and the measurements show that the antenna generates good 
broadside RHCP radiation with a wide beamwidth and a nearly symmetric profile in both the 
x-z and y-z planes. At 1.415 GHz, the experiments measured a front-to-back ratio of 4.85 dB 
and half-power beamwidths (HPBWs) of 111° in both x-z and y-z planes. At 1.50 GHz, they 
determined a front-to-back ratio of 2.41 dB and HPBWs of 110° and 122° in the x-z and y-z 
planes, respectively. There were some ripples in the back radiation measured results, which 
can be attributed to the effects of the foam rack and the tape strips employed in the pattern 
measurement setup. Additionally, the measurements found an average RE of 80%,  as 
compared to the simulated value of 83% , across the antenna’s 3-dB AR bandwidth. 
 
IV. CONCLUSION 
A compact single-feed crossed dipole antenna integrated with  a NFRP reflector was 
reported that  is electrically small in size, has a directive radiation pattern, and has a broad 
bandwidth . The NFRP reflector is employed not only to achieve the broadside radiation, but 
also to generate extra resonances and minimum AR points. These features combine with the 
corresponding resonances and minimum AR points resulting from the crossed dipole driver, 
broaden the antenna’s bandwidth. The optimized antenna with ka = 0.71 was fabricated and 
tested. It had a measured |S11| < −10 dB bandwidth of 401 MHz, (1.362–1.763 GHz, 25.66%), 
3-dB AR bandwidth of 155 MHz (1.390–1.545 GHz, 10.56%), broadside gain of 2.31 ± 0.4 
dBic, and average RE of 80%. With these many attractive features, the reported antenna has 
potential applications in a variety of wireless systems operating near 1.45 GHz. 
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Fig. 1. Geometry of the antenna: (a) cross-sectional view, (b) top view of driver, and (c) top-
































































Fig. 2. Performance comparison of the crossed dipole antenna with and without the NFRP 
reflector: (a) |S11|, (b) AR, and (c) broadside and backside total gain values, as functions of 





Fig. 3. Simulated current distributions on the components of the optimized antenna at 1.415 





Fig. 4. Simulated current distributions on  the components of the optimized antenna at 1.50 
GHz: (a) driver, and (b) reflector. 
    
(a)                                 (b) 
Fig. 5. 3D total gain patterns of the optimized antenna at (a) 1.415 GHz, and (b) 1.50 GHz. 
    
(a)              (b)               (c)            (d) 
Fig. 6. Fabricated sample of the optimized antenna: (a) top side of the driver, (b) backside of 






























































Fig. 7. Measured and simulated results of the optimized antenna: (a) |S11|, (b) AR, and (c) 



































































































Fig. 8. Measured and simulated normalized gain patterns of the optimized antenna at (a) 
1.415 GHz, and (b) 1.50 GHz. 
 
